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1130Objective: Blood pressure gradients that are noted early after repair of coarctation in neonates and infants are
often attributed to proximal arch hypoplasia. Rapid growth of the hypoplastic proximal arch is usually observed,
although in some individuals an early gradient predicts the subsequent need for reintervention. To define the
predictive reliability of blood pressure gradients between arms and legs and to identify predictors of arch growth,
we undertook a retrospective study.
Methods: Between January 2000 and June 2008, 77 infants underwent surgical repair of coarctation. Data col-
lected included preoperative dimensions of aortic segments. Blood pressure gradients between arms and legs
determined by cuff were compared intraoperatively and postoperatively, as well as 2-dimensional echocardio-
graphic dimensions of the aorta between thosewho did not require reintervention for recoarctation (group A) and
thosewho did (group B). Receiver operating characteristic curve analysis was applied to evaluate discrimination
of the systolic gradient in differentiating the 2 groups of patients.
Results: At surgery, patients’ median age was 10 days and weight was 3.3 kg. There was 1 early death. Median
follow-up was 40 months (interquartile range, 24–63 months). Recoarctation developed in 11 patients (14.3%),
defined as a resting blood pressure gradient of greater than 20 mm Hg with a corresponding decrease in the di-
ameter of the aorta by 50%. Freedom from recoarctation was 87% at 1 year and 85% at 5 years. Multivariable
logistic regression analysis identified the size of the ascending aorta as a risk factor for recoarctation. Blood pres-
sure gradient at the end of surgery was not predictive of recoarctation. The ascending aorta and transverse arch
showed rapid growth in group A, and this was associated with a decrease in blood pressure gradient over time. In
comparison, the growth of the ascending aorta and arch in group B was significantly less than in group A and
associated with worsening of gradients. Receiver operating characteristic curve analysis revealed that gradients
at the time of hospital discharge (>13 mm Hg) had excellent discriminative accuracy in identifying patients in
whom subsequent recoarctation developed.
Conclusions: Small size of the ascending aorta is a risk factor for recoarctation. Limb gradient in the operating
room at completion of surgery is not a reliable tool to assess repair of coarctation, although the gradient at the
time of hospital discharge can be used to accurately predict recoarctation. Rapid growth of both the ascending
and the transverse aorta is frequently observed and associated with improvement in gradients over time.
(J Thorac Cardiovasc Surg 2011;142:1130-6)Supplemental material is available online.
Coarctation (CoA) of the aorta is a common congenital de-
fect that is often associated with aortic arch hypoplasia in
newborn and young infants. Mortality subsequent toe Department of Cardiovascular Surgery, Children’s NationalMedical Center,
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The Journal of Thoracic and Cardiovascular Sursurgical repair of isolated CoA is rare in most centers in
the current era, with recoarctation (reCoA) of the aorta be-
ing the most common adverse outcome.1-4 Although
various techniques for surgical repair of CoA have been
described with the goal of decreasing the rate of reCoA,
there is little mention of techniques for accurate
assessment of the surgical correction itself on the
operating table. Systolic blood pressure (BP) gradient
between the upper and the lower limb continues to be
a widely used method5 to assess the surgical repair of
CoA of the aorta, and BP gradients that are noted early after
repair of CoA in neonates and infants are often attributed to
proximal arch hypoplasia. Although rapid growth of the hy-
poplastic proximal arch is usually observed with a decrease
in gradients,6-8 an early gradient may predict the subsequent
need for reintervention in some individuals. Most studies
continue to focus on factors associated with reCoA withgery c November 2011
Abbreviations and Acronyms
AUC ¼ area under the curve
BP ¼ blood pressure
CoA ¼ coarctation
NIBP ¼ noninvasive blood pressure
reCoA ¼ recoarctation
ROC ¼ receiver operating characteristic
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Dno mention of the value of limb gradients in predicting
subsequent reCoA.1-4 To address this issue, we undertook
a retrospective study of all infants who underwent
surgical repair of CoA during the last 8 years at
Children’s National Medical Center. The purpose of this
study was to test the reliability of arm–leg BP gradient as
an assessment tool of surgical repair of CoA and to
identify predictors of arch growth.PATIENTS AND METHODS
The study was a retrospective review of all infants aged less than 1 year
who underwent surgery for CoA between January 2000 and June 2008 at
Children’s National Medical Center. The information collected included
the details of the CoA and associated defects, the type of surgical correc-
tion, the limb gradients at the end of surgery and at different time points
in the postoperative period, and the dimensions of the arch preoperatively
and postoperatively. The end of surgery was defined as 15 minutes after re-
lease of proximal crossclamp on the aorta. Transthoracic echocardiography
was used to measure the various dimensions of ascending and transverse
aortas preoperatively and postoperatively. The diameter of the ascending
aorta was measured immediately proximal to the origin of the innominate
artery, and the diameter of the transverse arch was measured between the
left common carotid artery and the left subclavian artery. To minimize er-
rors, we used the BP gradients determined by the cuff method (noninvasive
blood pressure [NIBP] measuring device) at all points of recording infor-
mation. This study was approved by the institutional review board of Chil-
dren’s National Medical Center.
Statistical Analysis
Univariate statistics were used to compare 2 study groups: patients in
whom reCoA did not develop (group A, n ¼ 66) and patients in whom re-
CoA developed (group B, n¼ 11), including the Student t test for ascending
aorta z scores, transverse arch z scores, and crossclamp time and Mann–
Whitney U test for skewed data, such as patient weight and length of
stay. Proportions for variables such as sex, associated cardiac anomalies,
and type of procedure (end-to-end anastomosis, extended resection, and
end-to-end anastomosis) were compared by the Fisher exact test. Multivari-
able logistic regression analysis was applied to identify variables indepen-
dently associated with reCoA using a backward stepwise approach.9
Systolic gradients were compared from the time of surgery to 3 months
postoperatively for group A and from the time of surgery to the time of bal-
loon angioplasty for group B using paired t tests, because the gradients
closely followed a normal distribution. In addition, gradients were com-
pared between the 2 groups at different time points using repeated-
measures analysis of variance at the end of surgery (ie, 15 minutes after
crossclamp release); at 24 hours, 48 hours, and 72 postoperatively; and
at discharge.10 Receiver operating characteristic (ROC) curve analysis
was applied to evaluate discrimination of the systolic gradient in differen-
tiating groups A and B, with area under the curve (AUC) as the measure ofThe Journal of Thoracic and Caraccuracy and sensitivity and specificity calculated for the optimal cutoff
value of the gradient.11 Kaplan–Meier survival analysis was used to esti-
mate freedom from reCoA based on all 77 patients in the cohort with sur-
vival curves compared by the log-rank test between patients with gradients
above and below the cutoff at discharge and 95% confidence limits based
on Greenwood’s formula.12 Statistical analysis was performed using SPSS
version 18.0 software (SPSS Inc, Chicago, Ill).
RESULTS
The study cohort included 77 patients (42 male, 35 fe-
male) with a median age of 10 days (interquartile range,
5–30 days; full range, 2–290 days). Patients were subdi-
vided into 2 groups: patients in whom reCoA did not de-
velop (group A, n ¼ 66) and patients in whom reCoA did
develop (group B, n ¼ 11). ReCoAwas defined as a resting
BP gradient of greater than 20 mmHg with a corresponding
decrease in the diameter of the aorta by 50%. There was 1
early and 1 late death, both resulting from sepsis after severe
lung infection in patients with no evidence of reCoA. One
of the patients was premature. The reCoA rate was 14.3%
(11/77).
Demographics and surgical factors are presented in Table 1.
Group A had a significantly higher mean ascending aorta
z score at baseline (0.55  0.71 vs1.22  0.70, P<.01).
Preoperative transverse arch z scores were not significantly
different for groups A and B (2.60 0.63 vs3.04 1.00,
P ¼ .20). No differences were found between the 2 groups
in terms of associated cardiac anomalies, including left ven-
tricular outflow tract dimensions, presence of ductus arte-
riosus (P ¼ .55), type of surgical procedure (P ¼ .99),
and hospital length of stay (P¼ .76) (Table 1). Paired t tests
indicated that group A demonstrated a highly significant in-
crease in size of the ascending aorta at 3 months postoper-
atively with a mean z score of 0.25  0.60 (paired t
test ¼ 13.65, P< .0001, Figure 1, A), whereas group B
showed no significant improvement with a mean z score
of0.75  0.70 at the time of balloon angioplasty (paired
t test ¼ 1.92, P ¼ .083, Figure 1, B). With respect to the
size of the transverse arch, groups A and B started with
comparable z scores preoperatively (P ¼ .20, Table 1),
and group A showed a significant increase in size (2.61
 0.63 at baseline to0.35  0.60 postoperatively, paired
t test ¼ 24.55, P<.0001, Figure 2, A). Conversely, group
B demonstrated improvement from baseline in transverse
arch z scores (3.04  1.00 to2.01  0.94 at the time of
balloon angioplasty, paired t test ¼ 2.91, P ¼ .016); how-
ever, their z scores remained low (Figure 2, B).
Logistic regression indicated that among the 10 covari-
ates examined (gender, age, weight, cardiac anomalies,
presence of ductus arteriosus, z scores at baseline for as-
cending aorta and transverse arch, crossclamp time, type
of surgical procedure, and length of stay), small preopera-
tive size of the ascending aorta was the only statistically
significant multivariate predictor of reCoA (P < .01,
Table 1). For example, independently of the other variablesdiovascular Surgery c Volume 142, Number 5 1131
TABLE 1. Comparison of demographics and surgical factors between
groups
Variable
Group A
no reCoA
(n ¼ 66)
Group B
reCoA
(n ¼ 11)
Univariate
P value
Gender: M/F 36/30 6/5 .99
Age, d, median (IQR) 11 (6–30) 5 (4–18) .14
Weight, kg, median (IQR) 3.4 (2.9–4.0) 3.1 (2.8–3.2) .07
Associated cardiac
anomalies*
Bicuspid aortic valve 21 (32%) 3 (27%) .99
Valvular aortic stenosis 6 (9%) 2 (18%) .32
Hypoplasia of LVOT
below aortic annulus
7 (11%) 1 (9%) .98
Abnormal MV
apparatus causing
inflow obstruction
5 (8%) 1 (9%) .99
Ventricular septal
defect
13 (20%) 3 (27%) .69
Atrial septal defect 13 (20%) 4 (36%) .25
Presence of ductus
arteriosusy
62 (94%) 10 (91%) .55
Ascending aorta, z score 0.55  0.70 1.22  0.74 <.01zx
Transverse arch, z score 2.61  0.63 3.04  1.00 .20
CCT, min 20  8 21  8 .60
Type of surgical
procedure
End-to-end
anastomosis
31 (47%) 5 (45%) .99
Extended resection and
end-to-end
anastomosis
35 (53%) 6 (55%)
LOS, d, median (IQR) 6 (4–11) 6 (5–11) .76
Plus-minus data are mean standard deviation. IQR, Interquartile range; CCT, cross-
clamp time; LOS, length of stay;MV,mitral valve; LVOT, left ventricular outflow tract.
*Small ventricular septal defect (hemodynamically insignificant) and patent foramen
ovale were a common association and not counted. Other associations were complete
atrioventricular canal (4), double outlet right ventricle (1), and total anomalous pul-
monary venous return (1). Genetic syndromes included CHARGE (1), trisomy (2),
and Turner syndrome (2). yPresence of ductus arteriosus confirmed by preoperative
echocardiogram or at operation. zSignificant univariate factor. xMultivariate predictor
by logistic regression (P<.01).
FIGURE 1. A, Line graph of ascending aorta z scores for groupA (n¼ 66)
at baseline and 3-month follow-up depicting a highly significant increase in
size (z ¼0.55 to z ¼ 0.25, P<.0001). Mean values are denoted by hori-
zontal bars. B, Line graph of ascending aorta z scores for group B (n¼ 11)
at baseline and time of balloon angioplasty depicting an increase (z¼1.22
to z¼0.75, P¼ .083); however, this did not reach significance because of
patient variability. Mean values are denoted by horizontal bars.
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score of0.50 has an estimated 8% probability of reCoA
compared with a probability of 50% for a patient with
a z score of2.0.
Comparison of systolic gradients between groups A and
B revealed interesting patterns, specifically a higher and in-
creasing gradient for group B from the end of surgery to dis-
charge (Figure 3). Although group B had only a slightly
higher mean gradient at the end of surgery compared with
group A (9  3 mm Hg vs 7  5 mm Hg, P ¼ .10), the gra-
dients in group B continued to be higher, reaching signifi-
cance at 24 hours (16  4 mm Hg vs 13  4 mm Hg,
P ¼ .04), 48 hours (16  5 mm Hg vs 12  5 mm Hg,
P ¼ .02), and 72 hours (17  7 mm Hg vs 12  5 mm1132 The Journal of Thoracic and Cardiovascular SurHg, P ¼ .002) postoperatively. At the time of discharge,
group B had a systolic gradient twice as high as group A
(20 8 mmHg vs 10 4mmHg, P<.001), and on average
increased throughout the time course, whereas group A had
a lower gradient at discharge compared with the 24- to 72-
hour postoperative period. At 3months postoperatively or at
the time of balloon angioplasty (whichever was earlier), pa-
tients in group B in whom reCoA developed had an average
systolic gradient of 40 18 mmHg compared with patients
in group A, who had an average gradient of only 6  4 mm
Hg (P<.0001, Figure 3).
ROC curve analysis was performed to determine which
time points from the end of surgery to discharge the systolic
gradient best predicted future reCoA and the optimal cutoff
value, with AUC used as the measure of accuracy. AUC
values and 95% confidence intervals suggested that gradi-
ents measured at 48 hours (AUC ¼ 0.734, P ¼ .013), 72
hours (AUC ¼ 0.728, P ¼ .016), and dischargegery c November 2011
FIGURE 2. A, Line graph of transverse arch z scores for group A (n¼ 66)
at baseline and 3 months postoperatively depicting a highly significant in-
crease (z¼2.61 to z¼0.35, P<.0001). Mean values are denoted by hor-
izontal bars. B, Line graph of transverse arch z scores for group B (n¼ 11)
at baseline and time of balloon angioplasty depicting a significant increase
(z ¼3.04 to z ¼2.01, P ¼ .016), although the size of arch for most pa-
tients remained small. Mean values are denoted by horizontal bars.
FIGURE 3. Bar chart illustrating a higher mean systolic gradient for
group B from the end of surgery to discharge (P<.001), with asterisks de-
noting statistical significance. Gradients were 2 times greater in group B at
discharge and more than 6 times greater at balloon angioplasty for group B
compared with group A at 3 months follow-up.
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tion in discriminating the patients in whom reCoAwill de-
velop after surgery (Table E1). ROC curves illustrate
excellent discrimination, particularly for gradients at the
time of discharge. The optimal cutoff value at discharge is
greater than 13 mm Hg, which is associated with a sensitiv-
ity of 91% (10/11 patients in group B) and a specificity of
76% (50/66 patients in group A) (Figure 4).
Freedom from reCoA, estimated using the Kaplan–Meier
method, was 87% and 85% at 1 and 5 years, respectively
(Figure E1). At 24 months after surgery, according to the
precision based on 95% confidence interval, it is estimated
that reCoAwill not develop in 80% to 94% of patients. In
our study, 59 of 77 patients had follow-up at 24 months and
45 patients had follow-up at 36 months, but reCoA had not
developed. Ten of 11 patients with reCoA developed this
within 12 months postoperatively and 1 patient had an event
at 32 months (Figure E2). On the basis of the results from
ROC analysis, the optimal cutoff value for predicting futureThe Journal of Thoracic and CarreCoAwas determined to be a systolic gradient greater than
13 mm Hg at discharge. Thus, patients meeting this crite-
rion were at a significantly higher risk for developing reCoA
at a later point during follow-up compared with patients
with gradients 13 mm Hg or less. Among the 51 patients
in this study with gradients 13 mm Hg or less at discharge,
only 1 (2%) developed reCoA at 3 months postopera-
tively, whereas of the 26 patients with systolic gradients
greater than 13 mm Hg at discharge, 10 (38%) developed
reCoA (Figure E2, P<.0001, log-rank test ¼ 19.49). Anal-
ysis using the method of Kaplan–Meier indicates an esti-
mated 40% of patients with high gradients at discharge
(ie,>13 mm Hg) will go on to develop reCoA (95% confi-
dence interval, 25–55).DISCUSSION
CoA is a common congenital heart defect accounting for
5% to 8% of congenital heart anomalies.13 CoA can occur
as an isolated defect or more commonly is associated with
other defects of the heart, especially the left side.5,13
Since Clarence Crafoord first performed successful repair
of CoA in 1944, a number of surgical techniques have
evolved. However, unlike many open operations that can
be evaluated accurately on the operating table after repair,
there is no reliable method to assess surgical repair of
CoA. Although transesophageal echocardiography is
widely used to assess other lesions after open surgery, it
has not found application after repair of CoA in the
operating room. Intraoperative 3-dimensional echocardio-
gram for assessment of CoA repair is a still an evolving
technique.14 We use limb gradients, specifically the differ-
ence between systolic BP in the upper and lower limbs, as
a method of evaluating surgical correction. The right upper
limb is always the preferred upper limb. To standardize limbdiovascular Surgery c Volume 142, Number 5 1133
FIGURE 4. ROC curves showing excellent accuracy of systolic gradient
to discriminate patients in whom reCoA did and did not develop, particu-
larly gradient at discharge (AUC ¼ 0.888). The optimal cutoff value of
greater than 13 mm Hg corresponds to 91% sensitivity (10/11 patients,
group B) and 76% specificity (50/66 patients, group A). Dashed 45-
degree line represents the line of nondiscrimination (equivalent to a coin
toss). AUC, Area under the curve.
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by NIBP (DINAMAP, GE Healthcare, Waukesha, Wis) at
all points of recording information. Although it is standard
to have a right upper limb arterial line in the operating room
in all cases, the recording of the arterial linewas not used for
the purpose of this study. Differences between the invasive
and noninvasive methods of recording BP have been well
established.15 Moreover, it is not possible to use invasive
monitoring of arterial BP beyond the first few hours of in-
tensive care unit stay in the postoperative period and during
follow-up.
After surgical repair of CoA, there may be a gradient de-
spite a perfect repair because of various confounding factors
described as follows. It is our practice to wait up to 15 to 30
minutes for the gradients to decrease. If the gradients do not
decrease to less than 20 mm Hg in the setting of a simple
CoAwithout important associated arch hypoplasia, we usu-
ally redo the anastomosis.
What seems to be a simple issue of measuring gradients
across a vascular anastomosis is complicated by several
confounding factors that come into play during surgery
for CoA. They are as follows:
1. Effects of crossclamping and unclamping the aorta
Patients requiring CoA repair often have a decreased
myocardial reserve because of the effects of the CoA per
se on the heart, such as systemic acidosis, and the associated
defects, such as ventricular septal defect, that put additional
stress on the heart. Application of aortic clamps accentuates
the stress on the heart. This may be exacerbated by the ac-
cumulation and release of vasoactive substances from the
vascular bed distal to the clamp,16-18 in addition to1134 The Journal of Thoracic and Cardiovascular Sura sudden increase in the afterload. The decompensation
that follows leads to reduced cardiac output after surgery
and thus an underestimation of the gradients across the
aortic anastomosis.
Unclamping of the aorta is consistently associated with
a substantial decrease in the total vascular resistance and
the arterial BP. The possible reasons for the unclamping hy-
potension include reactive hyperemia, hypoxia-induced va-
sodilatation, and increase in venous capacitance below the
occlusion and the accumulation of vasoactive and myocar-
dial depressant metabolites.16 Volume infusion and slow re-
lease of aortic clamps can blunt these effects but cannot
prevent them altogether. These differences in the vascular
bed resistance could lead to an overestimation of the gradi-
ents across the repair site. The physiologic changes of
clamping and unclamping are time limited.19 The exact
time period for the reversal of the above changes after un-
clamping is not well defined. It would seem realistic to as-
sume that it is dependent on many variables and unlikely to
be a brief duration (ie, minutes), after which the surgeon
could measure the gradients on the table with a greater de-
gree of reliability.
2. Hypothermia
Systemic hypothermia is commonly used for spinal cord
protection during surgical correction of CoA.5 It is our prac-
tice to cool the patient to 34 degrees during surgery by using
a cooling blanket. The cooling effect is likely to be different
on the upper and lower body because of the differential vas-
cularity secondary to crossclamping of the aorta. This in turn
results in differential vasoconstriction in the upper and lower
body and thus may distort the true gradients between upper
and lower limbs in the immediate postoperative period.
3. Anesthetic drugs and management
On application of the clamp across the aorta, there is an
acute increase in the upper body BP. This is generally desir-
able because the higher BP helps to increase blood flow
through collaterals and affords better neurologic protection.
Accordingly, it is common practice to accept a moderate to
severe increase in proximal BP above the baseline. It should
be remembered that use of any vasodilators to control se-
vere BP is likely to exert a differential effect on the upper
and lower limb resistances secondary to differential blood
flow and confound the gradients. A similar paradox arises
in the management of hypotension after release of the cross-
clamp. The vasoconstrictors are likely to constrict the vas-
culature above the crossclamp more than that below
because the former, which is nonischemic, would respond
better to vasopressors than the latter, which is acidotic.16
This phenomenon could again distort the true gradients
across the anastomosis. One should also not discount the ef-
fects of anesthetic drugs on the myocardial status and vas-
cular tone, factors that could significantly alter thegery c November 2011
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clamping. Thus, there is a complex interplay of multiple
factors affecting the BP gradients intraoperatively after
clamp release.
As the results indicate, reCoA developed in 11 of the 77
infants. On multivariate analysis, the only independent risk
factor for reCoA was the size of the ascending aorta. The
mean dimensions of the ascending aorta were smaller
among those who developed reCoA (group B) in compari-
son with those who did not (group A). The small size of
the ascending aorta may reflect significant left to right le-
sions (eg, ventricular and atrial septal defects) or significant
obstructive lesions (eg, aortic stenosis [bicuspid aortic
valve], subaortic obstruction, and mitral stenosis), or it
may be smaller per se. However, there was no difference be-
tween the 2 groups in terms of associated lesions in the sep-
tal defects or obstructive lesions, both of which are
commonly associated with CoA. In their study on young in-
fants, McElhinney and colleagues1 observed that reCoA
was a function of the anatomy of the aortic arch, although
it was the transverse arch diameter that mattered more
than the ascending arch diameter. Wu and colleagues2
also reported transverse arch diameter as a risk factor for re-
CoA. As in the other studies, reCoA developed within the
first year of operation in most of the patients who developed
reCoA.1,3 Although reCoA developed in 10 of the 11
patients within the first year, reCoA developed
approximately 3 years postsurgery in only 1 patient. This
is probably related to rapid somatic growth in the first
year of life. The average time to reintervention in the
form of balloon angioplasty was 103 days (3 months),
and the average gradient at the time of balloon
angioplasty was approximately 40 mm hg. On comparing
the dimensions of ascending and transverse aorta between
group A at 3 months (because the average time of balloon
angioplasty was 3 months) and group B at the time of
balloon angioplasty, better growth was noted in both the
ascending and the transverse aorta in group A than in
group B. This was associated with a further decrease in
limb gradients in group A. On the basis of our findings,
we hypothesize that after CoA repair, 2 factors acting in
opposition determine reCoA. These are the antegrade flow
across the anastomotic site (which stimulates growth at
the repair site) and the normal healing process at the
anastomotic site (which tends to contract the scar).
ReCoA results when the contraction of the healing
process overwhelms growth. Thus, perhaps it is not
surprising that a smaller ascending aorta with its
associated reduced flow is related to reCoA. This is
similar to the ‘‘no flow, no grow’’ theory, often alluded to
in cardiac embryology.
On analyzing the limb gradients at different points in all
these patients, we found no significant difference between
the 2 groups at the end of 15 minutes of clamp release;The Journal of Thoracic and Carthus, limb gradients after release of crossclamp are not pre-
dictive of reCoA. As mentioned above, limb gradients in the
immediate postoperative period are affected by several in-
traoperative factors. It is likely that there is a significant pe-
riod of time before the physiology stabilizes and the limb
gradients acquire a meaningful value. The earliest time
point at which there was a significant difference in the
limb gradients was 24 hours after surgery. The median
time of discharge was 6 days (interquartile range, 4–11
days; range of 3–83 days). Although the time of discharge
varied for different patients and did not represent the
same time point for comparison, the information derived
from comparison of gradients at the time of discharge was
useful from a clinical perspective. The gradients at the
time of discharge could be used to prognosticate reCoA. Re-
CoA developed in approximately one third of the patients
with a gradient greater than 13 mm Hg at the time of dis-
charge, whereas reCoA developed in approximately zero
patients (<2%) with a gradient less than 13 mm Hg.
We also noted that the gradients behaved differently in
the 2 groups. In group A, the early gradients peaked at 24
hours and improved with time, whereas in group B with
a smaller ascending aorta, the gradients worsened steadily.
The improvement in gradients in group A was associated
with better growth of the ascending and transverse arches
compared with group B. At the same time, it should be
noted that some of the patients with a small ascending aorta
in group A showed growth, whereas some patients with an
aorta of adequate size in group B did not grow well, and re-
CoA developed.
Study Limitations
Our study has the inherent disadvantages of any retro-
spective study. Although we used only cuff readings deter-
mined by NIBP device to standardize BP recordings, these
readings are known to be influenced by many factors that
cannot be eliminated. At least 3 different echocardiog-
raphers were involved in measuring the dimensions of the
aorta preoperatively and postoperatively. Our study stresses
the general utility and trend of limb gradients with time af-
ter repair of CoA rather than stressing a particular ‘‘magic’’
number.
For patients in group B, the primary outcome assessed
was time of balloon angioplasty instead of time of recurrent
arch obstruction (defined clinically as resting BP gradient of
>20 mm Hg with a diameter loss of>50% at the isthmus
by an imaging modality), which could have preceded bal-
loon angioplasty by a considerable time period. However,
we believe this limitation does not compromise the findings
of our study.
CONCLUSIONS
Small size of the ascending aorta is a risk factor for re-
CoA. Limb gradient in the operating room at completiondiovascular Surgery c Volume 142, Number 5 1135
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CoA, although the gradient at the time of hospital discharge
can be used to accurately predict reCoA. Rapid growth of
both the ascending and the transverse aorta is frequently ob-
served and associated with improvement in gradients over
time.References
1. McElhinney DB, Yang SG, Hogarty AN, Rychik J, Gleason MM, Zachary CH,
et al. Recurrent arch obstruction after repair of isolated coarctation of the aorta
in neonates and young infants: is low weight a risk factor? J Thorac Cardiovasc
Surg. 2001;122:883-90.
2. Wu JL, Leung MP, Karlberg J, Chiu C, Lee J, Mok CK. Surgical repair of coarc-
tation of the aorta in neonates: factors affecting early mortality and re-coarcta-
tion. Cardiovasc Surg. 1995;3:573-8.
3. Pfammatter JP, Ziemer G, Kaulitz R, Heinemann MK, Luhmer I, Kallfelz HC.
Isolated aortic coarctation in neonates and infants: results of resection and
end-to-end anastomosis. Ann Thorac Surg. 1996;62:778-83.
4. Burch PT, Cowley CG, Holubkov R, Null D, Lambert LM, Kouretas PC, et al.
Coarctation repair in neonates and young infants: is small size or low weight still
a risk factor? J Thorac Cardiovasc Surg. 2009;138:547-52.
5. Jonas RA. Coarctation of the aorta. Comprehensive surgical management of con-
genital heart disease. 1st ed. London: Arnold; 2004:207-24.
6. Myers JL, McConnell BA, Waldhausen JA. Coarctation of the aorta in infants:
does the aortic arch grow after repair? Ann Thorac Surg. 1992;54:869-74.1136 The Journal of Thoracic and Cardiovascular Sur7. Siewers RD, Ettedgui J, Pahl E, Tallman T, del Nido PJ. Coarctation and hypo-
plasia of the aortic arch: will the arch grow? Ann Thorac Surg. 1991;52:608-13.
8. Brouwer MH, Cromme-Dijkhuis AH, Ebels T, Eijgelaar A. Growth of the hypo-
plastic aortic arch after simple coarctation resection and end-to-end anastomosis.
J Thorac Cardiovasc Surg. 1992;104:426-33.
9. Hosmer DW, Lemeshow S. Applied logistic regression. 2nd ed. New York: John
Wiley; 2000:34-69.
10. Wallenstein S, Zucker CL, Fleiss JL. Some statistical methods useful in circula-
tion research. Circ Res. 1980;47:1-9.
11. Grunkemeier GL, Jin R. Receiver operating characteristic curve analysis of clin-
ical risk models. Ann Thorac Surg. 2001;72:323-6.
12. Kaplan EL, Meier P. Nonparametric estimation from incomplete observations. J
Am Stat Assoc. 1958;53:457-81.
13. Backer CL,Mavroudis C. Pediatric cardiac surgery. 3rd ed. Philadelphia: Mosby;
2003:251-72.
14. Scohy TV, du Plessis F, McGhie J, de Jong PL, Bogers AJ. Rapid method for
intraoperative assessment of aortic coarctation using three-dimensional echocar-
diography. Eur J Echocardiogr. 2009;10:922-5.
15. O’Shea J, Dempsey EM. A comparison of blood pressure measurements in new-
borns. Am J Perinatol. 2009;26:113-6.
16. Gelman S. The pathophysiology of aortic cross-clamping and unclamping.
Anaesthesiology. 1995;82:1026-57.
17. Carroll RM, Laravisco RB, Schauble JF. Left ventricular function during aortic
surgery. Arch Surg. 1976;111:740-3.
18. Hong S-AH, Gelman S, Henderson T. Angiotensin and adrenoceptors in the he-
modynamic response to aortic cross clamping. Arch Surg. 1992;127:438-41.
19. Guyton AC, Carrier O Jr, Walker JR. Evidence of tissue oxygen demand as the
major factor causing autoregulation. Circ Res. 1964;15:60-9.gery c November 2011
FIGURE E1. Kaplan–Meier freedom from reCoA with steps along the
curve indicating time points at which the 11 patients had a reCoA. At 24
months after surgery, 87% of patients are free from reCoA. Error bars de-
note 95% confidence limits. Numbers in parentheses are patients at risk but
still free from reCoA. For example, reCoA had not developed in 59 patients
at 24-month follow-up.
FIGUREE2. Kaplan–Meier curves depict a significantly higher rate of re-
CoA for patients with a discharge gradient>13 mm Hg compared with 
13 mm Hg (P<.0001). At discharge, reCoA had developed in only 1 pa-
tient of 51 with a gradient  13 mm Hg compared with 10 of 26 patients
(38%) with gradients>13 mm Hg.
TABLE E1. Predictive accuracy of systolic gradient in identifying
recoarctation
Time point AUC* 95% CI P value
End of surgery 0.671 0.539–0.803 .07
24 h postsurgery 0.652 0.473–0.832 .11
48 h postsurgery 0.734 0.560–0.909 .01y
72 h postsurgery 0.728 0.528–0.927 .02y
At discharge 0.888 0.777–0.994 <.001yz
CI, Confidence interval. *Analysis based on differentiating group A (n ¼ 66, no re-
CoA) from group B (n¼ 11, reCoA). yStatistically significant. zOptimal cutoff value
at discharge is a systolic gradient>13 mm Hg.
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